Oct1 and Oct4 are homologous transcription factors with similar DNA-binding specificities. Here we show that Oct1 is dynamically phosphorylated in vivo following exposure of cells to oxidative and genotoxic stress. We further show that stress regulates the selectivity of both proteins for specific DNA sequences. Mutation of conserved phosphorylation target DNA-binding domain residues in Oct1, and Oct4 confirms their role in regulating binding selectivity. Using chromatin immunoprecipitation, we show that association of Oct4 and Oct1 with a distinct group of in vivo targets is inducible by stress, and that Oct1 is essential for a normal post-stress transcriptional response. Finally, using an unbiased Oct1 target screen we identify a large number of genes targeted by Oct1 specifically under conditions of stress, and show that several of these inducible Oct1 targets are also inducibly bound by Oct4 in embryonic stem cells following stress exposure.
Oct1 and Oct4 (products of the Pou2f1 and Pou5f1 genes) are members of the POU (Pit-1, Oct1/2, Unc-86) domain transcription factor family (Herr et al. 1988; Ryan and Rosenfeld 1997) . This family is defined by the presence of a bipartite DNA-binding domain in which two subdomains, covalently connected by a flexible linker, typically recognize DNA through major groove interactions on opposite sides of the helix (Klemm et al. 1994) . The classical DNA recognition sequence is known as an octamer motif (59-ATGCAAAT-39, hereafter called a ''simple'' octamer). However, we demonstrated recently that native binding sites for Oct4 frequently exist in complex paired, overlapping, and nonconsensus configurations (Tantin et al. 2008) .
Oct4 is a master regulator of the stem cell state and has recently been shown to be one of three proteins sufficient to reprogram differentiated adult mouse and human cells to the embryonic stem (ES) cell lineage (Okita et al. 2007; Takahashi et al. 2007; Nakagawa et al. 2008) . The biological function of Oct1 is more enigmatic. Oct1 is known to interact with regulatory sites in interleukin, immunoglobulin, and histone genes (Garrity et al. 1994; Zheng et al. 2003; Ushmorov et al. 2004; Murayama et al. 2006) . Oct1 also moderately stimulates gene expression reporter constructs linked to target sequences in transient transfection assays (Sive et al. 1986; LeBowitz et al. 1988) . However, we showed that Oct1 is nonessential for native H2B, IgH, and Igk expression (V.E. V.E.H. Wang et al. 2004 ). Oct1-deficient cells appear morphologically normal in light microscopy and divide at normal rates. Oct1-deficient mice die in mid-late gestation (embryonic days 12,5-18.5 [E12.5-E18.5]) (V.E.H. .
We determined previously that Oct1 À/À mouse embryonic fibroblasts (MEFs) are hypersensitive to oxidative and genotoxic stress (Tantin et al. 2005) . One explanation for this result is that constitutive products of Oct1-mediated transcription participate in stress response pathways. Support for an alternative hypothesis, namely that Oct1 directly senses cellular stress, comes from the findings that Oct1 interacts with the Ku70 subunit of DNA-dependent protein kinase (DNA-PK) (SchildPoulter et al. 2001) and is phosphorylated in vitro by DNA-PK at physiologically important serine and threonine residues (Schild-Poulter et al. 2007 ). Oct1 also interacts with BRCA1 (Fan et al. 2002 ; R.H. , and PARP-1 (Nie et al. 1998) , known participants in stress response pathways.
Here, using an affinity purification approach we identify in vivo post-translational Oct1 modification events following treatment of HeLa cells with ionizing radiation (IR) or H 2 O 2 . Comparison with a second Oct1 modification data set indicated that two DNA-binding domain Oct1 phosphorylation events have the potential to modulate Oct1 association with DNA. Using two model sequences, termed PORE (palindromic octamer-related element) and MORE (more PORE) (Remenyi et al. 2001) , we show that DNA-binding domain modifications alter the in vitro affinity of Oct1 and Oct4 specifically at complex binding sites. We demonstrate stress-induced binding of both Oct1 and Oct4 to physiological targets in vivo, show that induced Oct1 binding regulates native gene expression, and expand the repertoire of complex site categories to which Oct1 and Oct4 can bind. Using chromatin immunoprecipitation (ChIP) coupled with deep sequencing (ChIPseq), we identify a large number of constitutive Oct1 targets as well as targets specifically induced in the presence of oxidative stress. These targets frequently contain conserved complex binding sites for Oct1. We demonstrate that Oct4 inducibly binds two of these targets in vivo using mouse ES cells and ChIP.
Together, the data show that Oct1 and Oct4 are potent stress response effectors.
Results
Oct1 is phosphorylated in vivo following exposure to genotoxic and oxidative stress
We used a single-step affinity approach to purify Oct1 and other DNA-binding proteins from nuclear extracts V.E.H. Wang et al. 2004 ). This approach involves ferromagnetic latex nanoparticles (''nanobeads'') coupled to multimerized DNA sequence motifs for rapid and sequence-selective enrichment of DNA-binding proteins. Relative to other supports such as sepharose, nanobeads have lower nonspecific binding (due to their nonporous, moderately hydrophilic surface), higher capacity (due to their smaller size), and will remain in suspension until high-speed centrifugation or magnetic separation (Shimizu et al. 2000; Nishio et al. 2008) . We used nanobeads coupled to multimerized consensus or mutant simple octamer sequences to purify Oct1 from HeLa cells following IR or H 2 O 2 treatment. This affinity purification approach will only isolate Oct1 molecules with modifications that do not inhibit DNA binding. As shown in Figure 1A , an ;100-kDa band was isolated Arrows indicate free probe (P), nonspecific band (NS), monomeric Oct1 (1), and Oct1 antibody supershifted band (*). (E) EMSA using radiolabeled simple octamer, PORE, and MORE probes. Arrows indicate monomeric (1) and dimeric (2) occupancy, and free probe (P).
Stress regulation of Oct1 and Oct4
using nanobeads coupled to consensus, but not mutant DNA (Fig. 1A , cf. lane 2 and lane 1). The 100-kDa band was excised, destained, and subjected to tryptic digestion. Mass spectrometry identified peptides consistent with human Oct1. Peptide coverage was good and the sequences were confirmed through sequencing using collisioninduced dissociation (CID) in the linear ion trap (data not shown; see the Materials and Methods). The intense band near 40 kDa was identified as b-actin (data not shown).
Using equal amounts of extract from HeLa cells exposed to IR (Fig. 1A, lane 3) or H 2 O 2 (Fig. 1A, lane 4) , a small increase in bound protein was identified compared with normal HeLa cells (Fig. 1A, lane 2) . This increase is consistent with previous reports (Meighan-Mantha et al. 1999; Zhao et al. 2000; B. Wang et al. 2004; Chen and Currie 2005) . We excised these bands and subjected them to mass spectroscopy to identify Oct1 modifications. We unambiguously identified Oct1 phosphopeptides, many of which were identified unphosphoryated in the absence of stress (see Table 1 ). These data show that Oct1 becomes dynamically modified in vivo shortly following stress treatment. Although our data were consistent with a large-scale screen for protein phosphorylation events in HeLa cells following IR exposure conducted in the laboratory of Dr. Steven Gygi (S.P. Gygi, unpubl.), two Oct1 DNA-binding domain modifications were identified by the Gygi laboratory that were not observed using our affinity purification approach: phospho-S335 and phospho-S385 (Table 1) . Because the Gygi laboratory screen did not rely upon DNA binding to isolate phosphopeptides, we focused on these two modifications, hypothesizing that they regulate DNA binding. The complete panel of in vivo phosphorylation events from both studies is shown in Table 1 and in schematic form in Figure 1B .
Alteration in Oct1-binding specificity following stress exposure
The above results demonstrated that Oct1 becomes dynamically modified following stress exposure. We therefore attempted to identify dynamic changes in the properties of the protein that could provide a functional stress readout. First, we performed Western blotting using Oct1-specific antibodies and extracts from HeLa cells exposed to IR or H 2 O 2 . Little change was observed (Fig. 1C) . We also conducted gel mobility shift experiments using wild-type and mutant simple octamer sequences. A strong octamer sequence-dependent band was identified, but again, little change was observed using extracts from IR or H 2 O 2 -treated HeLa cells (Fig. 1D , lanes 4-6). There was some increase in DNA-binding activity (Fig. 1D , cf. lanes 5,6 and lane 4), consistent with previous reports (Meighan-Mantha et al. 1999; Zhao et al. 2000; B. Wang et al. 2004; Chen and Currie 2005) .
Recently, a PKA-mediated phosphorylation event was identified in the CNS-specific POU domain protein Brn-2/ N-Oct-3/Pou3f2 (Nieto et al. 2007) . In this case, the modification, at a position homologous to Oct1 S385, was found to alter binding specificity for complex dimeric sites. More recently, we identified native Oct4 genomic binding sites (Tantin et al. 2008) . These target sequences were highly enriched for complex multimeric arrangements of half-sites with the capability of binding two or more Oct4 molecules. The potential for these complex arrangements arises from the fact that in the POU domain, the linker connecting the two DNA-binding subdomains is flexible. Because these results showed that native sites for POU transcription factors frequently exist in complex configurations, we tested Oct1 binding to two model complex sites, termed PORE and MORE. We chose these model complex sequences because structural information was available.
PORE and MORE sequences are both capable of binding Oct proteins as a dimer, but in different configurations (Remenyi et al. 2001) . We conducted electrophoretic mobility shift assays (EMSA) using these sequences together with extracts from HeLa cells cultured under standard conditions or exposed to stress. Using a PORE, a somewhat stronger induction of binding by stress was observed compared with simple sequences. This was particularly true of extracts from cells exposed to IR (Fig. 1E , cf. lanes 8,9 and lane 7). Using a MORE, an even stronger induction was observed following stress exposure. This induction was again particularly robust using IR and was manifested both at the level of overall binding and increased relative dimerization (Fig. 1E , cf. lane 11 and lanes 10,12). The induced binding could be eliminated by shifting the equilibrium to the bound state, as inclusion of higher amounts of extract in the binding reactions increased dimer occupancy and decreased stress induction (data not shown).
Stress-induced association of Oct1 with endogenous complex sites A MORE has previously been identified in the promoter for the human RNA polymerase II (Pol II) large subunit (Polr2a) (Fig. 2A , top panel; Tomilin et al. 2000) . We identified a second MORE located immediately upstream. Both MOREs are conserved across multiple mammalian species ( Fig. 2A, bottom panel) . Using EMSA with HeLa nuclear extract and a probe derived from the Polr2a 2XMORE region, we confirmed that this compound element could interact with four Oct1 molecules, and that Oct1 binding could be strongly induced by stress (Fig.  2B ). In Figure 2 , B and C, the gel was run further to resolve the multiply bound species, and the labeled free probe was consequently run off the gel. In Figure 2B , increasing amounts of normal and IR-treated HeLa cell extract were incubated with either a simple octamer sequence or a 2XMORE probe of identical size. DNA binding was strongly enhanced by stress (Fig. 2B , cf. lanes 7,12,17). We used an Oct1-specific antibody to confirm that the multiply bound species contained Oct1 (Fig. 2B, lanes  8,13,18 ). In Figure 2C , point mutations were engineered into the Polr2a 2XMORE probe to verify the stoichiometry of the protein:DNA complex. In comparison with a simple octamer (Fig. 2C, lanes 1-3) , the bands produced by the wild type, and mutant Polr2a probes were consistent with four and two bound Oct1 molecules, respectively (Fig. 2C , lanes 4-6,7-12). Complexes of one or three molecules were not observed. Compared with the normal (unstressed) condition (Fig. 2C, lanes 1,4) , augmented Oct1 binding was observed using the 2XMORE, but not a simple octamer, following either IR or H 2 O 2 treatment (Fig. 2C , cf. lanes 5,6 and lanes 2,3). Quantification of the band intensities from Figure 2C and two replicate experiments showed that the increase in Oct1-shifted DNA in the presence of either stress was progressively higher with the 1XMORE and 2XMORE probes compared with the simple octamer probe, suggesting that the stress-induced 1XMORE and 2XMORE Oct1:DNA complexes were progressively more cooperative (data not shown).
To assess complex stability, we performed kinetic complex dissociation assays using a 200-fold molar excess of cold competitor (Fig. 2D ). Complexes were assembled using simple octamer, 1XMORE or 2XMORE probes, and incubated with cold competitor for varying times prior to native gel loading. Band intensities were determined and used to plot exponential decay curves. Complex half-life using a simple octamer was significantly shorter (T 1/2 = 10.8 sec) compared with the 2XMORE (80.2 sec). Using a 1XMORE, we obtained an intermediate result (T 1/2 = 13.7 sec). These data show that the 2XMORE complex is significantly more stable than complexes formed using a simple octamer sequence or a single MORE.
We performed ChIP assays to assess Oct1 binding to the Polr2a promoter in vivo. We observed low-level association of Oct1 to Polr2a in the absence of stress, but a significant augmentation following H 2 O 2 exposure (Fig. 3A) . Occupancy was maximal at 60 min and decreased thereafter. In contrast, Oct1 occupancy of the control histone H2B promoter (which contains a single simple octamer) was unaffected by H 2 O 2 . Induced Oct1 Polr2a occupancy was also observed following IR treatment; however, in this case the kinetics were different, with Polr2a occupancy peaking at 60 min, but subsequently remaining more stable (Fig. 3B) . In contrast to the induced binding at these complex sites, simple sites showed either reduced binding or no change. At the H2B promoter, Oct1 occupancy was significantly decreased at short time points following IR exposure. These results were reproducible, and we conclude that IR stress affects Oct1 binding to Polr2a and H2B, but in opposite ways. We also tested Oct1 binding to Gadd45a, a known Oct1 target (also containing a simple octamer sequence), finding that Oct1 occupancy was stable. Therefore, the Oct1 transcriptional response to stress is not uniform, but varies depending on the spatial context in which Oct1 associates with the DNA of different targets.
To determine whether Oct1 binding to the 2XMORE is functional, we linked the 2XMORE to an SV-40 promoter luciferase vector and used it in transfections with HeLa cells together with a cotransfected thymidine kinase promoter-linked Renilla luciferase internal control (Fig.  3C) . A small, but significant increase in luciferase activity was observed using a 2XMORE in either orientation, and activity was decreased by MORE point mutation. Because these experiments used the 2XMORE in the context of a heterologous promoter, we also linked 600 base pairs (bp) of native Polr2a promoter sequence to a promoterless luciferase vector. A strong increase was observed relative to the empty vector (Fig. 3D ). We engineered a 2XMORE deletion, which significantly decreased activity, although the effect was not complete. We ascribe the residual activity to other bound transcription factors and/or basal promoter activity.
To determine whether Oct1 loss of function effects native Polr2a gene expression under stressed conditions, we used real-time RT-PCR with RNA prepared from early-passage primary MEFs derived from littermate wildtype and Oct1-deficient embryos (V.E.H. . The MEFs were either untreated or exposed to H 2 O 2 (Fig. 3E , left panel). Three biological replicates were performed for each condition and averages are shown. Polr2a is a constitutive gene, and Pol II large subunit levels are thought to be regulated mainly at the protein level in response to stress stimuli. We confirmed this supposition using wild-type cells, in which only small changes in steady-state Polr2a mRNA levels were evident following stress (Fig. 3E , dark line). Over repeated experiments, no difference in baseline Polr2a expression was observed between wild-type and Oct1-deficient cells (data (D) Kinetic dissociation assay of Oct1:DNA complexes assembled using simple octamer, MORE or 2XMORE probes. The top panels show the cropped bands from the imaged gel mobility shift. The plot shows quantification of average band intensities from three experiments together with decay curves calculated using exponential regression. Half-lives were calculated from these curves. Kang et al. not shown). These results are consistent with our findings that expression of other reported Oct1 targets such as histone H2B, U2 snRNA, and immunoglobulin are unchanged in the Oct1-deficient and unstressed condition (V.E. V.E.H. Wang et al. 2004) . Strikingly, in the absence of Oct1 a significant depletion in Polr2a mRNA levels was observed following stress exposure (gray line). The effect was greatest (approximately fourfold) at 4 h. We also performed a Polr2a dose response experiment using a fixed 4-h time point. Increasing doses of H 2 O 2 resulted in increased Polr2a mRNA repression in the Oct1-deficient condition (Fig. 3E, right panel) . These results strongly suggest that Oct1 acts as a functional anti-repressor of Polr2a following stress. We confirmed an effect at the protein level using Western blotting and immortalized MEFs: In the Oct1-deficient condition, Pol II large subunit levels were not detectable several hours after H 2 O 2 treatment, although, in this case, a transient and Oct1-independent increase in protein levels was also observed (Fig. 3F ).
S335 and S385 control MORE Oct1 dimerization
Oct1 bound to MORE DNA adopts a unique structure in which the two subdomains of each molecule no longer span the helix but instead occupy adjacent major grooves on the same face of the DNA (Remenyi et al. 2001) . We used molecular modeling to identify a possible role for Oct1 DNA-binding domain modifications in stress-induced MORE dimerization. Figure 4A shows Oct1 occupying MORE DNA, in which a phosphoserine has been modeled at position 385. This phosphoserine lies in the POUhomeodomain and is in close apposition to a lysine residue (K296) in the POU-specific domain of the same molecule (arrows; see inset), suggesting that phosphorylation at this position may structurally preorient Oct1 so as to favor MORE binding.
We used extracts from Oct1-deficient 3T3-immortalized MEFs (V.E.H. ) in which Oct1 function was restored using retroviruses encoding human wildtype Oct1, or one of three engineered three point mutations (S385A, S385D, and S385K) to determine the effect on binding in the presence and absence of IR treatment. An alanine substitution at position 385 had little effect (Fig. 4B, lanes 4,5,13,14) , suggesting that other modifications may also induce MORE binding (see below). S385D, a potential phosphomimetic mutation, had a deleterious effect on monomer binding (Fig. 4B, lanes 6,7) . The same mutation significantly enhanced MORE dimerization (Fig. 4B, lane 16 ). This mutation also favored MORE binding under unstressed conditions (Fig. 4B, lane 15 ). In contrast to S385D, the S385K mutation strongly inhibited MORE dimerization, instead favoring the monomeric form (Fig. 4B, lanes 17,18) . Band intensity quantification showed that the S385D mutation augmented MORE dimer formation, but only partially decreased dimer stress induction, and that S385K disfavored, but did not completely eliminate MORE dimer stress induction (data not shown), again suggesting that other modification events can also facilitate dimerization (see below). For these experiments, low titers of Oct1 retrovirus were used, because at higher titers, or higher amounts of extract, dimer occupancy was strongly favored and the differences between the various mutants were obviated. These data are consistent with a model in which phospho-S385 makes and contacts with K296. Mutation of K296 (which is also in close apposition to the DNA backbone) (Fig. 4A) to alanine eliminated MORE binding, including when made as a double mutant with S385D (data not shown).
The other modification identified in the Oct1 DNAbinding domain was phospho-S335. This residue is located in the POU-specific domain and is positioned close to the DNA backbone. Figure 2C shows a different view of the same Oct1 dimer/MORE DNA structure with a phosphoserine modeled at position 335. Although there is a lysine (K435) located across the dimer interface in the POU-homeodomain, the intervening distance is too great to support an interaction without changing the modeled coordinates. We hypothesize that in order to form an optimal interation, slight rearrangements of these domains take place. We engineered similar point mutations (Remenyi et al. 2001) . Phospho-Ser 385 and Lys 296 are modeled (red and blue arrows). Bottom image shows predicted Å distance. Images generated using PYMOL (http://www.pymol.org). (B) EMSA using nuclear extracts prepared from Oct1-deficient immortalized MEFs infected with retroviruses encoding wild-type, S385A, S385D, or S385K Oct1. Arrows indicate monomeric (1) and dimeric (2) occupancy, and free probe (P). (NS) Nonspecific. (C) MORE DNA-Oct1 dimer structure showing Ser 335 (red). Lys 435 is also shown. (D) EMSA using nuclear extracts prepared from Oct1-deficient immortalized MEFs infected with retroviruses containing either wild-type, S335A, S335D, or S335K Oct1 cDNAs and probes tagged with Cy5. Arrows indicate monomeric (1) and dimeric (2) occupancy, and free probe (P). The gel was scanned using a Typhoon Imaging system (Molecular Dynamics). (Below) Oct1 Western blot of the input extracts. Kang et al. at this position (S335A, S335D, S335K). The S335 mutants were more robust, such that higher titers of virus could be used to infect cells, or higher amounts of extract could be used in the EMSA and the phenotypes retained ( Fig. 3D ; see Discussion). Using high viral titers, S335A had minimal effects on simple octamer binding (Fig. 4D, lanes 4,5) , but strongly inhibited MORE dimerization (Fig. 4D, lanes 13,14) . S335D did not appear to bind DNA under any conditions (Fig. 4D, lanes  7,8,15,16 ). This serine is closer to the DNA backbone than S385 and it is possible that electrostatic repulsion disfavors binding of the S335D mutant Oct1 to DNA. Interestingly, the homolgous Oct4 mutation binds a MORE in vitro but is not induced by stress (see below). We conclude that either (1) Oct1 S335D is not a true phosphomimetic or (2) phosphorylation of S335 inhibits DNA binding, but not all Oct1 is phosphorylated at this site, and the unphosphorylated fraction has augmented MORE dimerization activity (possibly because of additional modifications). S335K demonstrated the same selectivity effects as the alanine mutation (Fig. 4D , lanes 9,10,17,18). The mutant proteins were expressed at equivalent levels (Fig. 4D, inset) .
We generated a double mutation (S335A/S385D) to determine which was dominant. S335A disrupted MORE DNA binding even in the presence of S385D (data not shown). This finding is consistent with the fact that S385 mutation could be compensated by increased amounts of Oct1 protein, whereas the S335 mutation phenotype was protein level-independent.
Control of Oct4 binding to complex sites by homologous residues
Oct1 Ser 385 and Ser 335 are conserved in Oct2 and Oct4 (Fig. 5A) , and across mammalian species (data not shown). The conservation at 335 is interesting because alanine and lysine substitutions at this position do not affect DNA binding to simple octamers, suggesting that MORE dimerization is physiologically significant (see below) and is likely regulated by phosphorylation in multiple Oct proteins, including Oct4. We restored Oct protein function in Oct1-deficient fibroblasts using a retroviral construct encoding mouse Oct4 and used this model system to determine whether stress exposure also regulates Oct4 binding. Fibroblasts were exposed to IR and nuclear extracts prepared after a 1-h incubation. Oct4 expression and loading levels were confirmed by Western blot (Fig.  5B, inset) . Compared with Oct1-deficient fibroblasts, in which no octamer-directed DNA-binding activity was observed, Oct4 retroviral expression resulted in binding activity (Fig. 5B, lanes 3,5) . As with Oct1, augmented MORE binding was observed in IR-treated fibroblasts compared with untreated cells (Fig. 5B, lanes 7,8) . We engineered an Oct4 mutation at a position equivalent to Oct1 S335 (Oct4 S186D), and determined the effect on MORE DNA binding using extracts from cells exposed to methyl methanesulfonate (MMS) or cultured under normal conditions. As with Oct1, mutation of this residue resulted in sequence-selective effects. Unlike Oct1, the aspartic acid mutation did not eliminate DNA binding, but instead resulted in failure to generate induced MORE dimerization (Supplemental Fig. 1, lanes 7-10) . There may therefore be slight differences between the proteins, such that homologous mutations at specific positions can elicit distinct effects in vitro.
The above experiments were performed in vitro with Oct4 and a synthetic MORE. To verify inducible in vivo Oct4 binding to sequences that regulate endogenous genes, we used a previously identified MORE (CTGCA-TATGCAT) from the Bmp4 regulatory region (Fig. 5C , top panel; Tomilin et al. 2000) . This sequence is conserved between humans and rodents (Fig. 5C, bottom panel) . Bmp4 is an Oct4 target (Sharov et al. 2008 ). Using ChIP, we verified an interaction between Oct4 and this genomic region and showed that Oct4 occupancy was induced by stress (Fig. 5C ). The kinetics of induced Oct4 binding were similar to those observed using Oct1, with occupancy peaking at 1 h To identify genomic DNA sequences from known Oct4 targets, gene regions that associate with Oct4 in extracts from normal or irradiated mouse ES cells, we generated a pool of tiled oligonucleotides from common human and mouse Oct4 targets (Boyer et al. 2005; Loh et al. 2006 ) and immunoprecipitation to enrich for Oct4-associated oligonucleotides. Microarray analysis on the purified material identified a number of in vitro targets (W.G. Fairbrother, in prep.), including a site upstream of the Taf12 promoter (Fig. 5D ). This sequence, which is highly conserved among mammals (Supplemental Fig. 2A) , interacts with Oct4 1 h following IR treatment, but not in the untreated condition or at 3 h. We confirmed the ability of both Oct4 and Oct1, which is also expressed in ES cells, to interact with Taf12 in vivo using mouse ES cells and ChIP. Oct1 also binds this region in HeLa cells (Fig. 5E ). Because Oct4 binding was inducible at this sequence in vitro using extracts from irradiated Oct1-deficient fibroblasts complemented with Oct4 retroviruses (Supplemental Fig. 2B ), we performed ChIP using mouse ES cells in a time course following IR treatment. Although slight baseline binding was observed, Oct4 binding was potently induced by stress, with maximal binding at 1 h, decreasing thereafter (Fig. 5E ). Oct1 also inducibly binds this sequence with similar kinetics in HeLa cells (Fig. 5E) . We used EMSA to show that Oct1 also interacts with the same site in vitro, and that multimeric binding could be induced by stress (Supplemental Fig. 2C ). The size of the shifted band was consistent with a dimer.
The Taf12 sequence contains half-sites for both the POU H and POU S DNA-binding subdomains, but in a configuration distinct from a MORE or PORE (Supplemental Fig. 2D ). We identified highly similar sequences in the mouse Piwil2 (also known as Mili) first intron, and upstream of mouse Foxo4. In both cases the sequence was conserved to human (Supplemental Fig. 2C ). We also identified similar sequences in conserved intergenic regions between Zcchc16 and Lhfp11 and between Prr16 and Srfbp1 (data not shown). Using ES cells and ChIP, we confirmed Oct4 binding to Foxo4 and Mili (Supplemental Fig. 2E ). We term this sequence a TMFORE (Taf12 Mili Foxo4 octamer-related element) (see Discussion). Figure 6A . The target region mapped to the immediate 59 end of the locus and contained a conserved MORE (Fig. 6B) . Additional genes are shown in Supplemental Figure 3 (see Supplemental  Table 4 for annotations). Polr2a was identified using this analysis, but not as an induced target. We observed some Oct1 occupancy at this locus in the absence of stress (Fig.  3A,B) , suggesting that the ChIPseq analysis represents an underestimate of inducible targets. A number of the most high-scoring differentially occupied targets were previously identified as Oct4 targets in mouse ES cells (Chen et al. 2008) . These included Blcap, Tnks1bp1, Fbxl10, Rras, and c9orf25 (2310028H24Rik in mouse). In many cases, the Oct1-and Oct4-bound regions overlapped perfectly (Supplemental Table 5 ). These regions also contained highly conserved MOREs that mapped to the immediate 59 end of their respective targets (see Supplemental Fig. 3 for human and Supplemental Table 5 for mouse positions). A small number of other regions identified using ChIPseq, although not showing strong stress induction, overlapped with known Oct4 target regions. These included Polr2a, Ell, and Zmiz2. Conserved MOREs were also identified within these regions (Supplemental Table 5 ). An overlapping group of conserved MORE sequences was also identified in the top 500 differential targets that mapped within 250 bp of the nearest TSS (Fig. 6C) . We conclude that Oct1 regulates a large number of genes specifically under oxidative stress conditions, a subset of which contain promoter-proximal MOREs.
To both validate the induced Oct1 ChIPseq target results from human HeLa cells, and to determine whether they can be applied to inducible Oct4 target binding in mouse ES cells, we generated primer pairs spanning the conserved equivalent regions of the mouse genome and used them in Oct4 ChIP assays following IR exposure. Oct4 binding was induced by stress at both Blcap and Ell (Fig. 6D) .
Discussion
Here we show that Oct1 is dynamically phosphorylated at serine and threonine residues in vivo in response to Stress regulation of Oct1 and Oct4 stress stimuli and that phosphorylation at two conserved DNA-binding domain serine residues regulates Oct1 binding to complex DNA configurations. Mutation of a homologous Oct4 residue also supports a role in binding site selectivity. Oct1 binding to specific complex sites (in Polr2a and Taf12) is inducible by stress in vivo, and Oct1 is critical for maintaining normal gene expression at one such site (Polr2a) following stress exposure. In vivo Oct4 DNA binding to several target loci in ES cells is regulated in the same manner. We also identify a new class of complex site (TMFORE) capable of binding Oct1 and Oct4 as a dimer. We use ChIPseq to confirm inducible target occupancy on a large scale, and to identify new constitutive and inducible Oct1 targets. Finally, using Oct4 ChIP in ES cells, we confirm that Oct4 inducibly interacts with two of these same targets in response to stress stimuli.
We used an affinity purification/mass spectrometry approach to purify Oct1 from HeLa cells under normal and stressed conditions and to identify modifications. Two identified stress-dependent phosphorylation events, T276 and S278, were identified previously as in vitro DNA-PK targets (see the supplemental material in SchildPoulter et al. 2007 ). Although we did not identify other modifications described in that report, it is notable that there are few substrates for tryptic digestion in the Oct1 N-terminus, where these events were identified. Comparing our data with an unpublished data set generated by the laboratory of Dr. Steven Gygi, we noted two DNA-binding domain modification events (S335 and S385) that were not identified using our affinity approach. We hypothesized that one or both modifications affect DNA binding. In vitro studies previously identified the phospho-S385 modification, and it was suggested that this modification inhibited DNA-binding activity during M phase (Segil et al. 1991) . Our data suggest that the effect of S385 phosphorylation is more nuanced, acting at the level of selectivity for different classes of target sites. Using S385 and S335 mutations, we confirmed a role for both residues in Oct1 target site selectivity.
The Oct1 S385D phosphomimetic mutation partially inhibits binding to simple octamer motifs in EMSA, consistent with the suggestion that S385 modification could inhibit Oct1 DNA binding (Segil et al. 1991) . Because simple octamer binding in extracts from irradiated cells is not inhibited, S385D may not fully mimic serine phosphorylation at this position. Alternatively, only a fraction of Oct1 may be phosphorylated at this position and/or other modifications may simultaneously augment simple octamer binding. In contrast, S385D augmented binding to MORE sites. S385K mutation had the opposite effect: Little change in simple octamer binding was observed, but MORE dimerization was strongly inhibited (Fig. 4B) . Our interpretation that phosphorylation of S385 results in an intramolecular stabilization of an orientation that favors dimer binding is consistent with the effect of the S385K, which would create an electrostatic clash with K296 in the MORE structure and disfavor dimerization (Fig. 4A) . This interpretation is also consistent with our findings that higher protein concentrations reduce the effects of S385 mutation (data not shown).
Oct1 S335 alanine or lysine substitution caused a major change in the DNA-binding spectrum, strongly inhibiting MORE binding, but having little effect on binding to a simple site (Fig. 4D) . Unlike S385, increasing the amount of added protein did not alter the mutant phenotypes, arguing for a more direct role in dimer stabilization. An analogous Oct4 mutation also resulted in specific effects on dimer induction following exposure to the DNA-damaging agent MMS (Supplemental Fig. 1 ).
We identified a new class of complex recognition sequences that includes sites in TAF12, Mili, and Foxo4 ( Fig. 5D-F; Supplemental Fig. 2) . We term this sequence TMFORE. It is highly likely that there are a number of additional classes of Oct protein-binding sites, each capable of adopting unique protein:DNA configurations, and each capable of responding to different spectrums of Oct protein modification.
Oct protein target genes have functions consistent with a role in the stress response. Examples include Bcl-2 (Heckman et al. 2006 ), p15
INK4b (Hitomi et al. 2007 ), Cyclin D1 (Magne et al. 2003) , GADD45a and GADD45g (Takahashi et al. 2001; Boyer et al. 2005 ), C-reactive protein (Voleti and Agrawal 2005) , iNOS (Kim et al. 1999) , PDRG , and a number of interleukins (Pfeuffer et al. 1994; Duncliffe et al. 1997; Wu et al. 1997; Murayama et al. 2006) . Recent studies have also identified a global association between Oct1 recognition sequences and stress response regulation. One study used low pH as a stress agent and identified selective Oct-binding site enrichment in a large group of coordinately up-regulated mRNAs (Duggan et al. 2006) . Another study identified sites in >90% of genes, with significant changes in transcription rate following exposure of HeLa cells to camptothecin (Fan et al. 2006) . Oct1 also appears to be a mediator of the response to heavy metals (Glahn et al. 2008) . These results support our conclusion that Oct1 is a stress response effector. It will now be of importance to re-evaluate previously defined targets to determine whether the sequence composition and Oct protein binding is indicative of simple octamer-, PORE-, MORE-, or TMFORE-type configurations, or less well-defined configurations. It will also be important to define the different kinases and phosphatases that mediate the modification of both proteins and the triggers and signaling cascades involved.
Interestingly, although Oct1 binding to the Polr2a locus is induced following stress exposure rather than modulating gene expression in wild-type cells, Oct1 is necessary for maintenance of normal Polr2a expression: In the Oct1-deficient condition, message levels are inappropriately repressed. Although it is formally possible that there is a difference in message stability specifically in Oct1-deficient cells and specifically at time points following stress, the most likely interpretation is that Oct1 plays an unusual functional role as a stress-dependent Polr2a anti-repressor. In contrast to the effects on expression of the native Polr2a gene, stress exposure had little Kang et al. effect in luciferase-based transient transfection assays (data not shown). It is therefore likely that in response to stress signals, Oct1 relieves repressive activities through a mechanism involving genomic chromatin context not recapitulated in transfections. Our recent results indicate that Oct1 and Oct4 control gene expression, at least in part, through control of a specific negative epigenetic mark, consistent with this hypothesis (J. Kang, A. Shakya, C. Collister, and D. Tartin, unpubl.) .
Oct4 also has the capacity to respond to stress signals by selectively altering the affinity for complex binding sites in vitro. Further, Oct4 inducibly associates with a number of in vivo targets, including Taf12, Bmp4, Blcap, and Ell. Oct4 mutation at a serine residue homologous to Oct1 S335 alters binding selectivity for complex sites in vitro, suggesting that the stress responsiveness of Oct4 operates through modification of similar sites. The concept that Oct1 and Oct4 share common modes of regulation is not surprising, as the proteins share high identity over a substantial portion of their amino acid sequence, recognize DNA with similar specificity and affinity in vitro, and regulate common targets (e.g., histones, Gadd45, osteopontin, Taf12, Blcap, and Ell) (Botquin et al. 1998; Wang et al. 2000; Boyer et al. 2005 ; this study).
The most potent and well-characterized stress response pathways involve transcription factors strongly associated with cancer, such as p53 and NF-kB. Because Oct1 and Oct4 recognize and integrate stress signals to direct changes in gene expression, a logical extension is that deregulation of these proteins may be a causal agent of malignancy. Evidence for this view comes from the findings that malignant T-cell lymphomas arise in transgenic mice overexpressing a fragment of Oct1 under the control of the T-cell-specific Lck promoter (Qin et al. 1994) , and that Oct1 is overexpressed in some human breast and intestinal gastric tumors (Jin et al. 1999; Almeida et al. 2005) . Oct4 is also strongly associated with hyperplasia and malignancy (Gidekel et al. 2003; Hochedlinger et al. 2005; Covello et al. 2006) . One study has demonstrated a significant enrichment in Oct protein target sites in genes overexpressed in a lung cancer model, but not overexpression of Oct1 itself, suggesting that Oct1 activity, rather than levels, may regulate these processes (Reymann and Borlak 2008) .
Materials and methods

Oligonucleotides
Sequences for gel-shift probes, site-directed mutagenesis, ChIP, PCR, real-time RT-PCR, and nanoparticle synthesis are presented in Supplemental Table 6 .
Plasmids, cloning, and site-directed mutagenesis pBabe-hOct1 has been described previously (V.E.H. . Mouse Oct4 cDNA was cloned into pBabe by excising the cDNA from pGEX4T2-Oct4 (a gift of Y. Bergman) using EcoRI. The cDNA was inserted into the unique EcoRI site of pBabe. Directionality was confirmed by sequencing. Site-directed mutagenesis was performed using QuickChange (Stratagene).
The 2XMORE from the Polr2a gene was inserted into pGL2 (Promega) by synthesizing an oligonucleotide. pGL2 was digested with SmaI, and the oligo was ligated into the digested backbone creating a dead SmaI site. The ligation mixture was recut with SmaI and transformed into competent cells. Correct clones were confirmed by sequencing.
A 600-bp fragment of Polr2a was amplified using PCR primers with 59 KpnI and HindIII restriction sites. PCR products were purified, digested with KpnI and HindIII, and ligated into a pGL3 backbone from a plasmid digested with the same enzymes.
Cell culture
Oct1
À/À E12.5 MEFs were generated as described (V.E.H. ). MEFs and HeLa cells were cultured in Dulbecco's modified Eagle's medium (Hyclone) supplemented with 10% heat-inactivated bovine fetal serum (FBS, Hyclone), 100 U/mL penicillin, 100 mg/mL streptomycin, 2 mM L-glutamine (Invitrogen), and 50 mM b-mercaptoethanol (Sigma) at 37°C and 5% CO 2 in a humidified atmosphere. R1.45 ES cells (a gift from M. Capecchi) used 15% FBS and additionally contained 1 mM sodium pyruvate, 0.1 mM nonessential amino acids (Invitrogen), and 1000 U/mL LIF (Chemicon). For IR, cells were exposed to 1200 RAD using an X RAD 320 X-ray irradiator and a hard beam filter (Precision X-Ray). The flux was ;100 RAD/min. H 2 O 2 was used at 1 mM except where indicated.
Oct1 purification using latex nanoparticles
HeLa cell spinner cultures were treated with IR or H 2 O 2 and incubated for 1 h at 37°C. Cell pellets were resuspended in 10 mM Hepes (pH 7.9), 1.5 mM MgCl 2 , 10 mM KCl, 1 mM DTT, protease inhibitors (PIs), and phosphatase inhibitors (PhIs, Roche). Following dounce homogenization, nuclei were collected by centrifugation at 15,000g. Proteins in the nuclear pellet were extracted on ice for 1 h in 20 mM Hepes (pH 7.9), 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 1 mM DTT, PIs and PhIs. Nuclear extracts were clarified by centrifugation at 15,000g and dialyzed for 4 h at 4°C in 20 mM Hepes (pH 7.9), 20% glycerol, 100 mM KCl, 0.2 mM EDTA, 1 mM DTT, PIs and PhIs. Two milligrams of protein were mixed with 10 mL of pelleted nanobeads in buffer A (50 mM Tris at pH 8.0, 20% glycerol, 0.5 mM EDTA, 0.1% NP-40, 1 mM DTT, PIs and PhIs) plus 100 mM NaCl. The mixture was incubated for 1 h at 4°C. Nanobeads were washed with buffer A containing 200 mM and 300 mM NaCl, respectively. Bound proteins were eluted with buffer A containing 300 mM NaCl and 30 mM octamer oligomers for 1 h on ice.
Liquid chromatography-mass spectrometry-mass spectrometry (LC/MS/MS) Gel slabs were excised from silver-stained polyacrylamide gels and destained using a 1:1 mixture of 30 mM Potassium Ferricynide/100 mM Sodium Thiosulfate solution and equilibrated in water. Protein gel bands were digested overnight with trypsin (Promega), and reconstituted in 10 mL of 5% acetonitrile (ACN) with 0.1% formic acid (FA), which was then manually injected (5 mL) using a nano injector (Valco) onto a self-packed column (100 mm 3 75 mm, 3-mm particle size; Waters). An 80-min solvent gradient of 5%-85% A:B (A: 5% ACN/0.1% FA; B: 80% acetonitrile /0.1% FA) was used at 350 nL/min at 5% B for the first 3 min, followed by a linear increase to 55% B in 50 min, and finally maintained at 85% B for 5 min. LC/MS/MS data were acquired using a LTQ-FT hybrid mass spectrometer (ThermoElectron Corp.) equipped with a nanospray ionization source. Peptide Stress regulation of Oct1 and Oct4 molecular masses were measured by FT-ICR. Peptide sequencing was performed by collision-induced dissociation (CID) in the linear ion trap. Peptides were assigned from MSDB or NCBI protein database searches, using the MASCOT search engine (Matrix Science). All assigned peptides (including phosphopeptides) showed MASCOT scores >20 and had mass errors <3 ppm.
EMSA EMSA procedures paralleled those described (V.E.H. Tantin et al. 2008) . A monoclonal anti-Oct1 antibody (Upstate Biotechnologies) was used for supershifts. Reactions contained 10 mg (HeLa cell) or 15 mg (mouse fibroblast) of nuclear extract.
ChIP/ChIPseq
ChIP was performed as described in Boyd and Farnham (1999) and Shang et al. (2000) , except that the ChIP dilution buffer included 190 mM NaCl and Protein G nanobeads (ActivMotif) were used. HeLa or ES cells (1 3 10 7 ) were used per individual sample. Oct1 and Oct4 antibodies were purchased from Chemicon and Santa Cruz Biotechnologies, respectively.
For ChIPseq, ChIP material was subjected to high-volume sequencing using a Solexa GAI sequencer (Illumina). Libraries were prepared from ;10 ng of chromatin-precipitated DNA using the Illumina ChIPseq Sample Prep Kit. Adaptor-modified fragments ranging in size from 350 to 450 bp were selected by agarose gel electrophoresis, amplified by PCR, and validated using an Agilent Bioanalyzer. library samples (2-6 pM) were hybridized to an activated flowcell and amplified. DNA sequence identification was performed on an Illumina Genome Analyzer I using a 26 Cycle Sequencing Kit. Reads were mapped to chromosomal locations in the March 2006 NCBI Build 36.1 human genome using the pipeline's eland_extended aligner. Further analysis was performed using the USeq analysis package (http://sourceforge.net/projects/useq). Briefly, a sliding window (500 bp) binomial P-value was used to identify significant regions of enrichment relative to the control. P-values were converted to FDRs using Storey's q-value method, adjacent windows that exceeded an FDR of 0.01 were joined and ranked to generate a list of putative binding peaks for each condition. For analysis of differential Oct1 occupancy under stress conditions, the no treatment ChIP data was substituted for the input. Raw data are available at the NCBI Short Read archive.
Real-time RT-PCR
RNA was prepared using TRIzol (Invitrogen). Five micrograms of RNA were converted into cDNA using Superscipt III and random hexamers (Invitrogen). PCR reactions used SYBR Green (Molecular Probes) to detect signals in proportion to the accumulating target amplicons and intron-spanning primer pairs. PCR results were obtained and analyzed using LightCycler 480 Real-Time PCR System (Roche).
Western blotting
Antibodies used for Western blotting were as follows: mouse anti-Oct1 (Upstate Biotechnologies), mouse anti-Oct4 and b-actin (Santa Cruz Biotechnologies), and rabbit anti-Pol II large subunit (Chemicon). Figure S1 . Effect of Oct4 S186 aspartic acid mutation on stress induced MORE dimerization. EMSA using nuclear extracts from Oct1 deficient MEFs infected with Oct4 WT or S186D retroviruses. Fibroblasts were treated with 200ug/ml MMS for 4hr and collected immediately. P: probe. NS: nonspecific. 1: monomeric Oct4 complex. 2: Oct4 dimer. 
